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We report transport properties and particle current rectification operation in a double-stranded
tight-binding ladder network within non-equilibrium Green’s function (NEGF) formalism that can
easily be generalized in multi-stranded systems. First, we explore the rectification operation con-
sidering the model of an artificial double-stranded DNA (dsDNA) molecular system with Fibonacci
type substitutional sequence. Substitutional sequences form quasi-periodic potentials. This analysis
may shed new light in designing efficient nanoscale rectifier. It can also be directly implemented
to different biomolecular systems like nucleic acids and most proteins as they follow quasi-periodic
orders. Motivated with this fact, we consider different configurations depending on the choices
of on-site energies and/or inter or intra strand nearest-neighbor hopping integrals in the form of
Aubry-Andre´-Harper (AAH) model (that also obeys quasi-periodic order), and in all the cases we
find almost 100% current rectification even at very low bias region. Along with this, we observe that
the phase (positive or negative) of rectification can suitably be engineered by tuning the Fermi energy
and AAH phase. The effects of electron-electron (e-e) interaction and temperature are also studied,
which show that a reasonably large rectification can be observed even for moderate temperature
range and e-e interaction strength.
I. INTRODUCTION
Molecular systems will be the ultimate functional el-
ements in fabricating electronic circuits at nanoscale
level [1–3], suppressing the use of conventional conduct-
ing and semiconducting materials. The proposition of
designing molecular diode or rectifier given by Ratner
and co-workers essentially triggered the use of single
molecules as active functional elements [4]. Later, some
other theoretical proposals have been put forward de-
scribing the rectification action using simple and com-
plex molecular systems [5–8]. However, a single molecu-
lar rectifier was first experimentally realized [9] in 2005
with modest rectification ratio (RR) ∼ 10. Since then
the interest in this subject is rapidly growing up with
considerable experimental and theoretical works [10–28].
Some of them are based on intrinsic properties [9–12] of
the molecules, while the others have considered the ef-
fects of molecular coupling [13–16]. Instead of these sig-
nificant advances, the present molecular diodes have had
very limited applications especially due to their low con-
ductances, low rectification ratio, high degree of sensitiv-
ity to junction configuration and much higher operating
voltage [9, 10, 12, 13]. To circumvent these factors, few
other works have been carried out [25–28] in order to get
tunable rectification via gate voltage, environmental con-
trol, etc., though a successful conclusion is still lacking
and thus further probing is undoubtedly required.
In the last few decades DNA molecules have attracted
significant attentions in the fields of molecular physics
and molecular spintronics due to their unique and diverse
characteristic features [29–34]. Using DNA-coralyne
complex molecule as a functional element Guo et al. [34]
have shown that efficient rectification can be performed,
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and the rectification ratio can be reached up to ∼ 15 even
at relatively small bias voltage (1.1 V). Artificial DNA se-
quences, those are usually constructed in a quasi-periodic
manner, even also play appealing roles on transport phe-
nomena, and several important aspects have already been
revealed along this line considering different aperiodic
lattices like Copper-mean, Nickel-mean, Fibonacci [35],
Thou-Morse [36], and to name a few [33]. Appreciat-
ing the enormous possibilities of DNA molecule to be-
come a role model in future nanoelectronic devices, can
we now think about a DNA device where large asymme-
try in current-voltage curves can be obtained and tuned
externally? It has been established by us that a 1D
chain with quasi-periodic potential can show strong rec-
tification [37]. Naturally, it raises an obvious question
that whether an artificial dsDNA which follows discrete
quasi-periodic sequence can exhibit strong rectification.
Fermi energy EF is the only externally tunable param-
eter for this system which can be controlled by gate
voltage. Now, in the search of other possible tuning
parameters in an artificial DNA device, we consider a
double-strand ladder network with quasi-periodic modu-
lations [38–44] in the form of well-known Aubry-Andre´-
Harper (AAH) model [45]. Recently AAH model has got
significant attention in both theoretical and experimen-
tal research [46–58]. The quasi-periodicity can be tuned
with the help of AAH phase(s) [53] and the modulations
can be incorporated in the diagonal and/or off-diagonal
parts. Thus, in their unique characteristics, AAH mod-
els make them suitable candidates for designing efficient
nanoscale devices, and in the present work, we explore
how rectification operation can be performed consider-
ing a double-strand AAH ladder (Fig. 1) with EF and
the AAH phase.
The primary motivations of this work are as follows.
First, we start with an artificial dsDNA molecular sys-
tem with Fibonacci sequence to explore particle cur-
rent rectification operation. If the rectification perfor-
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2mance is good enough then we can argue that a double-
stranded ladder with quasi-periodic sequence will be a
functional element for designing nanoscale rectifiers since
DNA molecule can be modeled nicely with quasi-periodic
sequences, as already reported in many works [33, 38].
Following the DNA results, we attempt to propose a
suitable model where much higher rectification can be
obtained, and at the same time, the rectification ratio
can be tuned externally by more parameters other than
the gate voltage. In our model, there are two phase fac-
tors associated with the cosine modulations in diagonal as
well as off-diagonal parts of the AAH Hamiltonian, which
will play the key roles for effective controlling. We be-
lieve that rectification operation in quasi-periodic ladder
network is quite interesting, and have not been discussed
so far, to the best of our concern.
The essential mechanism of rectification relies on the
fact that in presence of finite bias, a voltage drop takes
place along the ladder. Therefore, average density of
states (ADOS) and transmission spectrum become volt-
age dependent. The quasi-periodic potential leads to a
gapped and fragmented spectrum [59, 60] and breaks the
spatial reflection symmetry. It makes quasi-periodicity
a key ingredient for occurrence of large particle current
rectification [37]. In a recent work [61], strong energy cur-
rent rectification has been shown in a quadratic bosonic
system, subjected to quasi-periodic potential, which is
connected to spin baths having differing temperatures.
Within a tight-binding (TB) framework we investigate
transport properties and particle current rectification op-
eration using the Green’s function formalism [62–67].
First, we investigate strong rectification in an artificial
dsDNA molecule with Fibonacci sequence which forms
quasi-periodic potential. The mechanism behind the rec-
tification is solely due to the quasi-periodicity and it
is completely different from the previous work on DNA
molecule done by Guo and co-workers [34]. Then, differ-
ent cases are taken into account depending on the spe-
cific choices of site energies and/or nearest-neighbor hop-
ping (NNH) integrals in the form of AAH modulations.
In all the cases high degree of rectification is obtained,
which on one hand appears at sufficiently low bias, and,
on the other hand, sustains for a wide range of param-
eter values. We find that the RR can be tuned signifi-
cantly by modulating the AAH phase, keeping the EF
constant. This is one of the key advantages of AAH
model over other discrete quasi-periodic systems. We
also discuss the effects of electron-electron (e-e) interac-
tion, treated at the Hartree-Fock (HF) mean-field (MF)
level [68–71], and temperature. We find that the asym-
metry in current-voltage curves persists over a moderate
temperature range and for different values of interaction
strength. We hope that the present analysis can be veri-
fied in future with suitable experimental setup.
The rest of the work is organized as follows. In Sec.
II we present the model, TB Hamiltonian and theoreti-
cal framework for the calculations. The results are thor-
oughly analyzed in Sec. III, and, few contemporary parts
are discussed in Appendix A and Appendix B. Finally,
we conclude our findings in Sec. IV.
II. MODEL, TB HAMILTONIAN AND THE
THEORETICAL FRAMEWORK
A. Model and the Hamiltonian
Let us begin with Fig. 1, where a double-strand lad-
der is coupled to source (S) and drain (D) electrodes.
The channel-I and channel-II describe the two strands of
FIG. 1: (Color online). Junction setup where a double-strand
ladder is coupled to source and drain electrodes.
the ladder those are directly connected through vertical
bonds (the so-called rungs). We describe the junction us-
ing a TB framework and within this framework the TB
Hamiltonian of the full system can be written as a sum
H = Hladder + Helec + Htunn, where Hladder represents
the Hamiltonian of the ladder, Helec corresponds to the
Hamiltonian of the side-attached electrodes, and Htunn
is associated with the tunnel coupling between the ladder
and electrodes.
In absence of e-e interaction, the TB Hamiltonian of
the ladder under NNH approximation reads as
Hladder =
∑
i=I,II
∑
j
ijc
†
ijcij +
∑
i=I,II
∑
j
tijc
†
ijci,j+1
+
∑
j
vjc
†
I,jcII,j + h.c. (1)
Here, the index i refers to the strands and j represents
the sites in each strand. The ladder is parameterized with
on-site energy ij , intra-strand NNH integral tij and the
inter-strand NNH integral vj . c
†
ij (cij) is the Fermionic
creation (annihilation) operator at site (i, j). In presence
of non-zero bias, a finite bias drop takes place along the
ladder and the actual variation of this potential profile is
very hard to execute since it involves a complete many-
body problem. But, we can introduce this effect ‘phe-
nomenologically’ into our Hamiltonian, as already pro-
posed earlier in other works [34, 37, 72–74], considering
different kinds of potential variation. The most common
form of it is the linear dependence, and in our work we
also consider this variation, though some other forms are
also taken into account associated with electron screening
in different materials. With these different choices only
the quantitative behavior changes slightly, whereas the
qualitative features remain unchanged. Now, in presence
of a finite bias drop along the ladder its site energy be-
comes ij = 
0
ij + 
V
ij , where 
0
ij represents the site energy
in absence of bias voltage V , while Vij is the voltage de-
pendent term. Assuming a linear bias drop, the voltage
dependent site energy becomes Vij = V/2− jV/(N + 1),
3where N represents the total number of rungs in the lad-
der.
To describe the electronic transport and rectification
operation, we connect the ladder with two reflectionless
1D electrodes. The Hamiltonian of the electrodes, pa-
rameterized with on-site energy 0 and NNH integrals t0
looks like
Helec = 0
∑
i
b†iS(D)biS(D) + t0
∑
i
b†iS(D)bi+1S(D) + h.c.
(2)
where b†iS(D) (biS(D)) is the creation (annihilation) oper-
ator in the electrodes.
The last part of the Hamiltonian of the full system i.e.,
the TB Hamiltonian associated with the tunnel coupling
can be expressed as
Htunn = τsb
†
−1ScI1 + τdc
†
II,2Nb1D + h.c. (3)
where τs and τd are the coupling strengths of the source
and drain electrodes with the ladder, respectively. In
numbering the atomic sites of a N -rung ladder, we use
site number 1 where the source is coupled, while the end
site number is 2N where the drain is connected.
B. Interacting model
The interacting TB Hamiltonian for the ladder neglect-
ing the spin degrees of freedom looks like
Hladder =
∑
i=I,II
∑
j
ijc
†
ijcij +
∑
i=I,II
∑
j
tijc
†
ijci,j+1
+
∑
j
vjc
†
I,jcII,j + h.c+ u
∑
i=I,II
∑
j
nijni,j+1
+u1
∑
j
nIjnIIj (4)
where u and u1 are the nearest-neighbor intra-strand and
inter-strand Coulomb repulsion energy strengths, respec-
tively, and ni,j is the number operator. For this open
quantum system, we treat the interaction term within
the Hartree-Fock MF approximation, where the occupa-
tion number at any site is calculated using self-consistent
procedure [68–71]. Within this scheme, the interacting
system is effectively treated as non-interacting one, and
the HF Hamiltonian becomes
HHFladder =
∑
i=I,II
∑
j
′ijc
†
ijcij +
∑
i=I,II
∑
j
t′ijc
†
ijci,j+1
+
∑
j
v′jc
†
I,jcII,j + h.c. (5)
Here the modified on-site energies are related to the
Hartree term and it gets the form ′Ij = Ij+u(〈nI,j+1〉+
〈nI,j−1〉)+u1nII,j . Whereas, the modified hopping terms
are related to the Fock exchange terms and they are:
t′ij = tij − u〈c†i,j+1cij〉 and v′j = vj − u1〈c†IIjcIj〉. The
MF quantities 〈nij〉, 〈c†i,j+1cij〉 and 〈c†IIjcIj〉 are deter-
mined self-consistently using the NEGF formalism [70].
C. Theoretical framework for the calculations
To characterize transport properties and rectification
operations, the first quantity that we need to calculate is
the two-terminal transmission probability T (E) (E be-
ing the energy of injected particles) across the junction.
We evaluate it using the NEGF formalism [62–66], where
the effects of side-attached electrodes are incorporated
through self-energy corrections. The effective Green’s
function of the non-interacting ladder is written as:
Grladder = [(E + iη)I −Hladder − ΣrS − ΣrD]−1 (6)
where η → 0+, and ΣrS and ΣrD are the retarded self-
energy matrices due to S and D, respectively. From these
self-energies, we calculate the coupling matrices ΓS and
ΓD from the expression ΓS(D) = −2 Im
[
ΣrS(D)
]
. Us-
ing ΓS and ΓD we compute two-terminal transmission
probability following the Fisher-Lee relation[62], and, it
is written in the form
T = Tr [ΓSG
r
ladderΓDG
a
ladder] (7)
where Galadder = (G
r
ladder)
†.
In presence of e-e interacting, the Green’s function gets
modified by GHF,rladder and it becomes,
G = GHF,rladder =
[
(E + iη)I −HHFladder − ΣrS − ΣrD
]−1
(8)
G is a 2N × 2N matrix and it is written in (i, j) basis.
Here i has two values I and II and j runs from 1 to N .
We calculate the different MF quantities 〈nij〉, 〈c†i,j+1cij〉
and 〈c†IIjcIj〉 from the integration (1/2pi)
∫
Mpq dE where
Mpq is the pq (associated with the indices i and j) ele-
ment of the matrix M = G† (ΓSfS + ΓDfD)G. fS and
fD are the Fermi distribution functions for S and D, re-
spectively. Using self-consistent procedure, we get the
converged GHFladder. For this interacting system, we cal-
culate the transmission probability T (E), similar to the
non-interacting one through the expression
T = Tr
[
ΓSG
HF,r
ladderΓDG
HF,a
ladder
]
(9)
In order to inspect the nature of energy bands under
different biased conditions which is extremely crucial for
analyzing rectification mechanism we need to compute
ADOS, and we perform it using the relation [63, 64]
ρ(E) = − 1
2Npi
Im [Tr (Grladder)] (10)
where 2N gives the total number of lattice sites in a N -
rung ladder. For the interacting case, Grladder will be
replaced by GHF,rladder.
Finally, we compute transport current across the junc-
tion through the expression [63, 64]
IT =
∫
dE [fS(E)− fD(E)] T (E) (11)
4Calculating the currents for two different polarities of
external bias we eventually compute the rectification ra-
tio (RR), and it is defined as
RR =
|IT (+V )| − |IT (−V )|
|IT (+V )|+ |IT (−V )| (12)
RR = 0 corresponds to no rectification, whereas RR = 1
or RR = −1 represents 100% rectification, depending
on which current is fully suppressed in a particular bias
polarity.
III. NUMERICAL RESULTS AND DISCUSSION
In what follows we present our results. We measure all
the energies in unit of electron-volt (eV). Throughout the
analysis we choose site energies of the electrodes 0 = 0
and NNH integrals t0 = 3, unless specified otherwise, and
present IT -V curves in log-linear plot, for better viewing.
A. DNA molecule
First, we want to look into the behavior of current rec-
tification for an artificial dsDNA molecule. It is modeled
by a two stranded tight-binding ladder (see Fig. 2) con-
sidering the four nitrogenous bases, Adenine (A), Gua-
nine (G), Thymine (T) and Cytosine (C). We choose the
site energies of these bases as G = 8.3, A = 8.5, T =
9.0, and C = 8.9. The horizontal hopping strengths
between the same bases are tGG = 0.11, tAA = 0.22,
tCC = −0.05, and tTT = −0.14, while the horizontal
hopping strengths between the different bases can be cal-
culated using tAG = (tA + tG)/2. The vertical hopping
strength is set at vj = −0.3 [33].
Thousands of various sequences can be composed from
these bases A, T, G and C. While natural DNA molecules
can be extracted from the cells of all living organisms,
artificial DNA molecules could be fabricated in any de-
sired sequence. The natural dsDNA is extracted from
the sequence of human chromosome 22 (chr22). Human
chromosome based sequences are hc1, hc2, hc3 and the
sequences consist of the mixture of all the four bases. The
man-made dsDNA is taken in the form of a random se-
quence as well as in substitutional form like nickel mean,
copper mean, triadic cantor, Fibonacci, etc [33]. All these
substitutional sequences are constructed following an in-
flation rule. For instance, starting from the base A, Fi-
bonacci sequence can be formed by the rule A→AG and
G→A. Thus, the substitutional sequences for a strand
are the mixture of two base pairs. Knowing the sequence
for one single-strand, one can construct the sequence for
the other strand satisfying the Watson-Crick (WC) base-
pairing rules: G pairs with C, and A pairs with T [33].
The substitutional sequences form quasi-periodic poten-
tial. In Ref. [37], we have seen quasi-periodicity plays an
important role behind large rectification in a 1D chain.
Therefore, to construct the artificial dsDNA molecule,
we arrange the bases A and G in the upper strand (i.e.,
channel-I) following a Fibonacci sequence (quasi-periodic
one), and the other strand is automatically designed with
FIG. 2: (Color online). dsDNA model represented as two
strand ladder with actual four bases like Adenine, Guanine,
Thymine and Cytosine, is coupled to source and drain.
the bases T and C (which is also a quasi-periodic se-
quence) following the WC base-pairing rules [33]. To ex-
plore the rectification operation we connect the dsDNA
molecule with the two electrodes (see Fig. 2), those are
parametrized with on-site energy 0 = 0 and NNH inte-
grals t0 = 5. The molecule-to-electrode coupling is fixed
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FIG. 3: (Color online). Results of the Fibonacci dsDNA
molecule having 13 rungs where (a), (b) and (c) correspond
to the transmission probability, junction current and the vari-
ation of rectification ratio.
at τs = τd = 0.7. The results for this molecular junction,
computed at zero temperature and in the absence of e-e
interaction, are placed in Fig. 3. Here we find distinct
nature of transmission spectra under two bias polarities
(Fig. 3(a)). In reversing the bias, the energy spectrum
of the bridging system gets changed, as site energies are
voltage dependent, which results different transmission
spectra under two biased conditions. As the spectrum
is gapped due to the quasi-periodic nature of site ener-
gies, one can definitely find a suitable Fermi energy EF
about which transmission is finite over a small energy
window for one bias polarity, while it becomes vanish-
ingly small or even zero for the other biased condition.
This leads to a high degree of current rectification which
is exactly shown in Figs. 3(b) and (c). At some specific
5voltage regions almost 100% rectification (RR ∼ ±100%)
is obtained, which has not been reported so far in lit-
erature. In their work Guo et al. [34] have shown that
the artificially designed dsDNA with 11 base pairs, where
three different bases are mixed (CGCGAAACGCG), can-
not produce strong current rectification. But, after in-
tercalating two coralyne molecules into the dsDNA one,
the whole DNA-coralyne complex exhibits much stronger
rectification. In comparison to dsDNA molecule, DNA-
coralyne complex shows higher ‘spatial asymmetry’ at
the left and right edges where electrodes are connected
to the system. The striking spatial asymmetry induced
by coralyne intercalation is the explanation for the strong
rectification in the DNA-coralyne complex. In our model,
the sequence of dsDNA molecule and the mechanism be-
hind rectification are completely different from what is
discussed in Ref. [34]. We show that the artificial dsDNA
with Fibonacci type substitutional sequence exhibiting
strong rectification depending on the gapped and frag-
mented nature of energy spectrum, solely depends the
quasi-periodic behavior of substitutional sequence. For
the other substitutional sequences also, it is possible to
have the perfect current rectification as the physics be-
hind rectification remains unchanged. It gives a clear
signature that the artificial dsDNA molecule with substi-
tutional sequences can be a suitable functional element
for utilizing rectifying operation at nanoscale level. Other
than the dsDNA, different bio-molecular systems like nu-
cleic acids and most proteins follow the quasi-periodic
orders [38]. As the quasi-periodicity gives rise to strong
rectification, the other bio-molecular systems may also
be implemented for strong rectification.
B. Ladder with AAH potential
As quasi-periodicity plays an important role in getting
high degree of rectification, which is established from the
results of DNA molecule, now we focus our attention on
the current rectification considering an AAH ladder. It
may provide an additional advantage as the rectification
ratio can be tuned externally with the AAH phase, which
is always helpful in designing a device. AAH potential
is also a quasi-periodic potential and it has the form
i = W cos [2pibi+ φβ ] [45]. Here W is the strength of
the potential, φβ is the phase associated with the AAH
modulation, and, b is an irrational number. It is impor-
tant to note that the phase factor φβ does not change the
behavior of transport, but it changes the location of the
bands in presence of a linear potential drop. In our calcu-
lations we set b = (1 +
√
5)/2, the golden mean, which is
most commonly used, though any other irrational num-
ber can be taken into account and the physics will not be
changed at all. Depending on the strength W , the AAH
system contains extended, critical and localized states.
Transport through the extended states are faster than
the critical states. With increasing system size trans-
port through critical states gets decreased, whereas for
the extended ones as the transport is ballistic it does not
depend on the size of the system. This is one of key the
advantages of the AAH type quasi-periodic sequence over
the other quasi-periodic sequences like Fibonacci, Thue-
Morse, etc., as these discrete quasi-periodic sequences
only posses critical single particle eigenstates [59].
An AAH ladder can in principle be designed by in-
corporating AAH modulations in different parts like on-
site energies and/or inter or intra strand NNH integrals.
Now we will focus on a specific configuration where we
set 0Ij = W cos [2pibj + φβ ], 
0
IIj=0, tIj = tIIj = t and
vj = v,∀j.
1. Rectification
To show the rectification behavior, in Fig. 4(a) we
show the variation of transmission probabilities of a lad-
der network at a typical bias voltage under forward and
reverse bias conditions. At a first glance we see that the
transmission spectra are quite different for two distinct
polarities of the external bias, providing sharp resonant
peaks at multiple energies. A careful inspection reveals
that there are some (small) energy windows where finite
transmission is obtained only due to one bias polarity,
while the transmission gets almost suppressed in other
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FIG. 4: (Color online). (a) Two-terminal transmission prob-
ability as a function of energy for a 13-rung ladder under
forward and reverse bias conditions, where the red and blue
lines correspond to V = 0.6 V and −0.6 V, respectively. The
spectra given in (b) and (c) represent the enlarged versions
of the black and green framed regions of (a), respectively, for
clear viewing of different colored curves in these two energy
zones of our interest. The imaginary dotted lines in (b) and
(c) are associated with the locations of Fermi energy. The
other physical parameters taken for these calculations are:
t = 1, v = 1, W = 1, φβ = 0, τs = 1, and τd = 0.6. Here we
choose asymmetric conductor-to-electrode coupling.
bias condition, and this phenomenon will lead to much
higher rectification. To examine this fact, we selectively
choose two small energy zones from Fig. 4(a), marked
by the black and green framed regions, and replot the
enlarged versions in Figs. 4(b) and (c), respectively. In-
6terestingly we see from these spectra (Figs. 4(b) and (c))
that, for the entire energy zones one curve (blue or red)
dominates, whereas the other one almost vanishes. To
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FIG. 5: (Color online). IT -V and corresponding RR-V char-
acteristics at two different Fermi energies for the AAH lad-
der considering the identical physical parameters as taken in
Fig. 4.
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FIG. 6: (Color online). Role of AAH phase φβ on transport
current and rectification ratio. In (a), transport currents are
shown for two bias polarities, represented by two different
colored curves in a log-linear plot, and the corresponding RR
is given in (b). Here we choose EF = 1.75 eV, and all the other
physical parameters are kept unchanged as taken in Fig. 4.
inspect the dependence of rectification for other voltages,
let us focus on the spectra given in Fig. 5 where we cal-
culate transport current along with rectification ratio by
varying the voltage from zero to 0.6 V under two bias
polarities, setting the Fermi energy at two suitable ener-
gies. For EF = 1.75 eV, the transport current in the neg-
ative bias condition is vanishingly small, whereas much
higher current is obtained in the positive bias condition
(see Fig. 5(a)). As a result of this, very high degree of
RR is achieved, and most remarkably, this feature per-
sists over a broad range of voltage bias (Fig. 5(b)). The
phenomenon gets almost reversed when we set the Fermi
energy at −0.5 eV, as clearly noticed from the spectra
Figs. 5(c) and 5(d). Thus, EF is one of the tuning pa-
rameters for regulating RR. If µ1 and µ2 are the chemical
potentials of the source and drain, respectively, and V is
the voltage bias maintained by the difference in chem-
ical potentials, then we can write µ1 = EF + V/2 and
µ2 = EF −V/2. In experiments, EF is changed routinely
in-situ by controlling external gate voltage [26].
In Fig. 6 we describe the critical role of the AAH phase
φβ on transport current and rectification ratio. The
transport current is highly sensitive to the AAH phase,
and currents are markedly different for two distinct bias
polarities (see Fig. 6(a)). This behavior is clearly re-
flected in the RR-φβ spectrum (Fig. 6(b)). From Fig. 6
we can see that the RR achieves a very high value,
close to 100 %, and almost complete phase reversal (RR
reaches to −100 %) takes place upon the variation of φβ.
The other important feature is that the high degree of rec-
tification persists over a wide range of the phase factor
φβ, that gives a clear hint that one can design a setup
where φβ can be selected from a reasonable window, and
sharp tuning is no longer precisely required. Here we
would like to note that φβ can be changed by designing
different realizations of the on-site potential in a same
experimental setup (details are obtained in the supple-
mentary material of Ref. [48] and other works [49–51].
2. Reason for 100% rectification
The large degree of rectification is caused due to the
two reasons: (i) gapped fragmented spectrum and spatial
reflection symmetry breaking of quasi-periodic potential,
and (ii) voltage dependence of the energy levels due to the
term Vij . Depending on these two factors, at zero tem-
perature it is always possible to get a Fermi energy about
which there is an energy window where finite transmis-
sion is present for one biased condition and gapped for
the other biased condition. This leads to 100% rectifica-
tion which is clearly reflected from Fig. 4 and Fig. 5.
The other possible reason of getting enhanced rectifi-
cation can be in some cases due to the Wannier-Stark
(WS) localization [75–77]. In presence of a non-zero bias,
site energies are (electric) field dependent yielding a non-
uniform distribution of the site energies which causes par-
ticle localization, analogous to a conventional disordered
lattice, which is known as WS localization. The WS lo-
calization at finite bias can be seen from the spectra given
in Fig. 4, and more clearly they can be visualized from
the results presented in Fig. 7 as here we superimpose
ADOS along with the transmission function. The red-
dotted line is markedly different from the blue-dotted one
associated with the energy shifting at two bias polarities.
Where the dotted line (red and/or blue) vanishes (viz,
states are no longer available), the transmission proba-
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FIG. 7: (Color online). Transmission probability T (E) and
ADOS ρ(E) for the two energy zones (shown in the upper and
lower panels) as considered in Figs. 4(b) and (c), respectively.
All the physical parameters are same as taken in Fig. 4.
bility naturally drops to zero. Whereas, for the energies
when the transmission function vanishes irrespective of
finite density of states we can conclude that the states
associated with those energies are localized, and the lo-
calization is caused as a results of electric field (WS local-
ization). Thus, finding of an energy zone (or more zones)
where transmission probability is finite for one bias po-
larity and zero (or vanishingly small) for other polarity
is always expected depending on the above reasons.
To the best of our knowledge, no one has addressed
before this high degree of rectification, for such a wide
range of bias voltage. Thus it brings a significant impact
in the era of nanotechnology. At finite temperatures, the
contributions from other energy zones will also appear
which may reduce the rectification ratio, and we will dis-
cuss these issues in the forthcoming subsections.
To make the analysis more realistic and keeping in
mind possible experimental realizations of the proposed
model, we need to incorporate other different physical
factors that may available in practical situations. Below
we discuss these effects one by one as follows.
3. Critical roles of different physical factors on rectification
Here we want to address the effects system size, tem-
perature and electron-electron interaction on current rec-
tification, and to test how the above presented results are
modified with these factors.
Effect of system size: As the energy spectrum of the
AAH system is always gapped irrespective of the system
size, we can still expect a very high degree of current
rectification even for much bigger AAH ladder. To sub-
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FIG. 8: (Color online). IT and corresponding RR as a func-
tion of voltage bias for a bigger AAH ladder with 55 rungs
(110 sites). Here we choose EF = −1.85 eV. The other pa-
rameters are same as taken in Fig. 4.
stantiate this fact in Fig. 8 we plot the transport current
and corresponding rectification ratio considering a bigger
ladder with 55 rungs (110 sites). A high degree of rectifi-
cation is clearly noticed for this ladder, and thus we can
suggest that the basic features of rectification are not re-
stricted within a specific system size, rather we can vary
it in wide range which gives a suitable hint for testing
the results in a laboratory setup.
Effect of temperature: The results studied so far are
worked out at absolute zero temperature. Now, we in-
clude the effect of temperature and study the charac-
teristic features of rectification. The results are shown in
Fig. 9 where we plot the RR as a function of system tem-
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FIG. 9: (Color online). Temperature dependence of rectifi-
cation ratio. The Fermi energies and other parameters are
chosen as in Fig. 4.
perature for two different Fermi energies. The RR gets
decreased with the enhancement of temperature. Though
it (RR) gets reduced, still sufficiently large RR persists
over a moderate range of temperature. This reduction of
the degree of rectification can be implemented from the
8argument that at finite temperature we need to incorpo-
rate all the energy levels in the allowed energy window,
unlike the case of zero temperature which excludes the
possibility of integrating transmission function in a spe-
cific energy window where finite transmission is obtained
for one bias polarity. Thus, it is no longer possible to
get absolutely 100% rectification since finite contribu-
tions from both the bias polarities are involved.
Effect of electron-electron interaction: Finally, we in-
clude electron-electron (e-e) interaction into the system
and study its effect on rectification. We incorporate this
effect at the MF level. It is well-known that the study
of an open interacting system is a state-of-the-art re-
search problem at formalism level. Even in the MF limit,
one needs to do numerical integrations of the NEGF to
evaluate the MF quantities, which is an extremely chal-
lenging task especially for large size systems exhibiting
fragmented energy spectrum. Due to this fact here we
restrict ourselves to the small system size. We present
the results in Fig. 10 for an AAH ladder considering five
rungs at some typical values of interaction strengths. The
key feature is that, at some typical values of e-e interac-
tion, there is a finite possibility to achieve a very high
degree of rectification compared to the interaction free
system, which is clearly visible from Fig. 10(b). It imme-
diately raises an obvious curiosity that how the degree
of rectification modifies with the gradual change of e-
e interaction strength. To scrutinize it in more detail,
in Fig. 10(c) we plot the rectification ratio by continu-
ously varying the strength of u (= u1) in a wide range.
From the spectrum, it is clear that even in presence of
electron-electron interaction (u, u1), it is possible to have
finite current rectification. Thus, at the MF level we can
see that e-e interaction does not suppress the rectification
action, rather better performance could be expected for
some typical values of u (u1). To estimate these specific
values, more detailed analysis should be required and we
leave this job for our future works.
Here we would like to note that, as already stated
above, the computations of mean-field quantities are
heavy for large interacting systems, and thus, we present
the results considering a small size ladder. But, the es-
sential physics will remain same for a reasonably large
system as well, since the degree of rectification is essen-
tially depends of the ratio of currents under two bias
polarities. When the system size is very small, compa-
rable to a quantum dot (QD), one may expect the effect
of Coulomb blockade [78–80], especially for the situation
when longer-range interactions are present and the sys-
tem temperature is very low. In presence of this effect, al-
though the electrical conductance, and thus, the junction
current gets reduced, we do not expect any non-trivial
feature in the degree of rectification as it involves the ra-
tio of two currents which are equally affected by Coulomb
repulsion. The same argument is also valid even if we
consider the precise role of Coulomb drag [81–83] in our
analysis. This dragging mechanism is generally expected
when the two layers or channels are sufficiently close to
each other, typically within the range of 1-2 nanometers.
So, in one situation we may think that if we design an
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FIG. 10: (Color online). Transport current IT in (a) and the
corresponding RR in (b) as a function of bias voltage for some
typical strengths of u and u1. In (c), the variation of RR with
u (= u1) is shown when the bias voltage is fixed at V = 0.4 V.
The results are computed for a AAH ladder with five rungs
setting the temperature at 0.01 (in unit of v).
AAH ladder where two strands are well separated, we
can safely ignore the effect of Coulomb drag. On the
other hand, for the situation when both the two strands
are close enough, Coulomb drag effect will be an impor-
tant one which will modify the currents. But as the ratio
of currents under two biased conditions are taken into
account we expect similar kind of rectification operation.
In the sub-section III B, we consider a double-stranded
ladder with AAH modulation in Channel-I. For this lad-
der we establish a complete rectification operation de-
pending on the choice of Fermi energy EF at zero tem-
perature, solely due to the quasi-periodic nature of the
potential. Thus, it is expected that employing quasi-
periodicity in any segment of the ladder leads to complete
current rectification at zero temperature. To check that
we include quasi-periodicity in different segments of lad-
der and the results are critically analyzed in Appendix A
and Appendix B. Similar kind of complete current recti-
fication is noticed, depending on the choices of EF . We
also show that changing the arbitrary phase term in the
continuous quasi-periodic potential, the magnitude and
direction of the rectification ratio can be varied signif-
icantly. In sub-section a of Appendix A, we consider
the AAH modulation only in the inter-strand hopping
strengths. The phase of the AAH potential is referred as
9φλ when we consider the modulation in hopping integrals.
We take into account the AAH modulations in on-site en-
ergies (sub-section b of Appendix A), and, in intra-strand
hopping integrals (sub-section c of Appendix A) of both
the channels. In the previous cases, we consider AAH
modulation either in the on-site potentials or in the hop-
pings. Quasi-periocity can also be included both in the
on-site potential and hopping strengths, and the com-
bined effect of both the two phases, φβ and φλ, leads to
interesting behavior in particle current rectification. We
explore it in detail in Appendix B.
IV. SUMMARY AND OUTLOOK
In this work, we have studied particle current rectifi-
cation for a tight-binding double-stranded ladder using
NEGF formalism with discrete and continuous quasi-
periodic potentials. We have started our analysis with
an artificial dsDNA molecule which has Fibonacci type of
substitutional sequence. This is a discrete quasi-periodic
potential. The quasi-periodicity yields gapped and frag-
mented spectrum, which, in turn, leads to complete rec-
tification on tuning the gate voltage at zero temperature
for this artificial dsDNA. This is a new mechanism of
getting rectification, and it greatly differs from the pre-
vious works (such as [34]) available in literature. Other
biomolecular systems like nucleic acids, most of the pro-
teins are also made up of quasi-periodic sequences. Our
work thus suggests that they can also be used as func-
tional elements to get suitable rectifications.
In the next part we have considered a double-stranded
ladder with the continuous quasi-periodic AAH poten-
tial instead of discrete Fibonacci sequence. This sys-
tem has two added advantages. Discrete quasi-periodic
systems exhibit ‘critical’ (intermediate between extended
and localized) wave functions. Transport through such
wave-functions decreases with increase in system size. A
system with a weak AAH potential provides completely
extended wave functions, while also having gapped and
fragmented spectrum those are required for current rec-
tification. The transport through such extended wave
functions is ballistic and does not depend on the sys-
tem size. The AAH potential has a phase factor, which
does not change the transport behavior, but changes the
location of the bands in presence of a linear potential
drop. Thus, this phase factor in the potential can serve
as an additional tuning parameter for the regulation of
current rectification, unlike the discrete quasi-periodic se-
quences where Fermi energy acts as the only controlling
parameter. The AAH phase can be changed by design.
As, the rectification behavior is governed by the quasi-
periodicity, we have found complete rectification intro-
ducing quasi-periodicity at different segments of the lad-
der network. Non-interacting systems with AAH quasi-
periodic potential have been realized experimentally [48–
51]. Our results point to the possibility of large tunable
rectification in such experiments.
Apart from complete rectification, another very im-
portant salient feature we have explored is that the di-
rection of rectification can be changed just by control-
ling the gate voltage in such systems with discrete or
continuous quasi-periodic potentials. Complete rectifica-
tion due to quasi-periodicity occurs at zero temperature.
But, in real experimental setups the effect of temperature
is unavoidable. Considering finite temperature, we have
shown that the rectification ratio gets decreased, but still
it is possible to get a reasonable amount of rectification
for a moderate range of temperature. Finally, we have
considered the effect of nearest-neighbor repulsive inter-
action for spinless fermions at the mean-field level. The
mean-field results suggest that the interaction leads to
a reduction in transport, but still a finite rectification is
possible depending on the interaction strength.
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Appendix A: Different other configurations of AAH
ladder
a. AAH modulation in inter-strand hopping
In this configuration, both the two strands are per-
fect (viz, 0Ij = 0 and 
0
IIj = 0) and the intra-strand
hopping integrals are uniform i.e., tIj = tIIj = t∀ j. For
this network we introduce modulation in the inter-strand
hopping integrals in the form: vj = W1 cos [2pibj + φλ],
where W1 is the modulation strength and φλ is the phase
factor that can be tuned selectively [53]. Similar to the
case described in the main text, let us begin with the re-
sults given in Fig. 11(a) where two-terminal transmission
probability is shown for two different bias polarities con-
sidering a 15-rung ladder network. Sharp resonant peaks
are observed at some particular energies, and these peaks
are grouped in such a way that three allowed transmit-
ting zones are formed and they are separated by finite
gaps. This is the general feature of AAH type lattices,
and solely associated with the ADOS spectrum. The
other interesting feature is that the transmission func-
tion is mirror symmetric upon the reversal of bias polar-
ities, that will provide another advantage in rectification
operation as discussed below.
From the spectrum Fig. 11(a), we find two selective
energy zones (marked by the black and green framed re-
gions) of equal widths across E = 0, where only one col-
ored curve dominates suppressing the other one. These
two framed regions are redrawn in the enlarged form in
Figs. 11(b) and (c), where ADOS are superimposed along
with the transmission functions under two bias polarities
in each of the two spectra. Clearly we can see that for a
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FIG. 11: (Color online). (a) Two-terminal transmission prob-
ability as a function of energy for a 15-rung ladder network
under two different bias polarities considering a typical volt-
age strength 0.5 V. For the two selective energy zones of (a)
(marked by the black and green framed regions), we re-plot
the transmission function in (b) and (c) along with the ADOS
for better viewing and analysis of the results. The imaginary
dotted lines in these two spectra ((b) and (c)) represent the
locations of equilibrium Fermi energy. The other required
physical parameters for these calculations are: t = 1, W1 = 1,
φλ = 0, τs = 1, and τd = 0.6.
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FIG. 12: (Color online). IT -V and corresponding RR-V spec-
tra at two different Fermi energies for the AAH ladder con-
sidering the identical physical parameters as taken in Fig. 11.
wide energy zone (−0.8 < E < −0.3 or 0.3 < E < 0.8),
either blue curve or the red one dominates, while the
other colored curve (red or blue) almost disappears which
results almost 100% rectification. As the T -E spectrum
is mirror symmetric across E = 0, we get equal magni-
tude of RR, but opposite phases setting the Fermi energy
in the positive or negative side (as shown by the dotted
vertical lines) across the energy band center. Comparing
the transmission spectra with density of states, the WS
localization can be noticed clearly.
Figure 12 shows the voltage dependence of transport
current and rectification ratio for two different choices
of Fermi energy (EF = −0.55 eV and EF = 0.55 eV).
Several key features are emerged. First, the transport
current is surprisingly large in one side (positive or neg-
ative) of the bias voltage, while it is almost zero in the
other side of the voltage (Figs. 12(a) and (c)), and this
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FIG. 13: (Color online). Role of AAH phase φλ on transport
current and rectification ratio. In (a), transport currents are
shown for two bias polarities, represented by two different col-
ored curves, and the corresponding RR is given in (b). Here
we choose EF = 0.55 eV, and all the other physical parame-
ters are kept unchanged as taken in Fig. 11.
feature persists in a reasonable voltage range (here it is
0 < V < 0.6 V). Naturally we can expect a large rectifica-
tion and it is clearly reflected from the spectra Figs. 12(b)
and (d). Nearly 100% perfect rectification is obtained
within the range 0.3 < V < 0.6 V. Second, since the IT -
V spectrum is mirror symmetric across V = 0, a com-
plete phase reversal takes place in the RR-V spectrum
under the swapping the Fermi energy from positive zone
to the negative one. Thus, a better control of rectifica-
tion is expected for this AAH ladder network compared
to the previous one in the main text. Third, though the
current initially increases with bias voltage but it shows
a decreasing nature at higher voltages (see Figs. 12(a)
and (c)). Normally for the conducting junctions where
bias drop takes place only at the junction points we get
increasing current with voltage, as more and more con-
tributing energy levels come within the voltage window.
But for this case since the site energies are field depen-
dent associated with the applied voltage, the site energies
get modified for each bias and accordingly ADOS, and
thus, transmitting peaks are shifted. As a result, the
number of resonant states may decrease with increasing
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voltage window which yields reducing current, exhibiting
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FIG. 14: (Color online). Same as Fig. 11, with N = 21,
W = 0.8, W1 = 0.8, v = 1, t = 1, φλ = φβ = 0, τs = 1, and
τd = 0.6. Here we fix the voltage strength at 0.6 V.
the well-known negative differential conductance (NDC)
phenomenon [84].
To explore the critical role of the phase factor φλ on
rectification operation for this ladder network, in Fig. 13
we present the transport currents, for two bias polarities,
along with the RR as a function of φλ. Surprisingly we
see that for a fixed (wide) φλ window finite current is
obtained for one bias polarity, while the other becomes
nearly zero, and this feature alternates with changing
the phase window (see Fig. 13(a)). Due to this pecu-
liar nature of current we get almost 100% rectification
with proper phase reversal upon the variation of the AAH
phase φλ. Thus, undoubtedly the AAH phase has a sig-
nificant role on rectification operation.
b. AAH modulation in the onsite energy of two strands
Here, both the two strands are modulated by AAH po-
tentials with different modulation strengths, W and W1,
and they are expressed as: 0Ij = W cos [2pibj + φβ ] and
0IIj = W1 cos [2pibj + φβ ]. For this case we choose uni-
form intra-strand and inter-strand hopping integrals i.e.,
tIj = tIIj = t and vj = v ∀ j. In Figs. 14 - 16 we plot
the transmission probabilities, dependencies of junction
currents and rectification ratio with bias voltage V and
phase factor φβ , like the other cases. Without going into
the detailed analysis of each of these spectra (Figs. 14
- 16) here we summarize the outcomes, as the essential
physical mechanisms behind the rectification operations
are already discussed above. It is always possible to find
suitable energy window(s) where transmission function
for one bias polarity significantly dominates, suppress-
ing it in the other bias polarity (as clearly visible from
the spectra Fig. 14). The complete suppression yields
100% rectification, otherwise reduced rectification ratio
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FIG. 15: (Color online). Different spectra represent the iden-
tical meanings as described in Fig. 12. The other physical
parameters are same as used in Fig. 14.
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FIG. 16: (Color online). Upper and lower panels represent the
similar meaning as mentioned in Fig. 6 with EF = −1.7 eV
and voltage strength 0.5 V. The values of the other physical
parameters are same as taken in Fig. 14.
(though its large) is obtained (see Fig. 15). Two impor-
tant things we need to consider for designing an efficient
device those are: (i) the degree of RR and (ii) the voltage
region for which the high degree of rectification persists.
For this type of ladder network (case III) we can also
achieve these goals. The degree of rectification can be
tuned as well with the help of external phase factor φβ
(see Fig. 16), though in this case sequential phase rever-
sal with almost 100% rectification in both positive and
negative directions is not available like what we get in
Fig. 13.
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c. AAH modulation in intra strand hopping
Finally, we consider the case where the AAH modula-
tion is introduced in the intra-strand hopping integrals,
keeping uniform hopping between the two strands (viz,
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FIG. 17: (Color online). Same as Fig. 11, with N = 15,
0Ij = 
0
IIj = 0, W = 0.4, W1 = 0.4, v = 1, φλ = φβ = 0,
τs = 1, and τd = 0.6.
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FIG. 18: (Color online). Different spectra represent the iden-
tical meanings as described in Fig. 15. The other physical
parameters are same as used in Fig. 17.
vj = v ∀ j). Thus, for this case the intra-strand hop-
ping integrals are described as tIj = W cos [2pibj + φλ]
and tIIj = W1 cos [2pibj + φλ]. Here, bias independent
site energies are also constant and put them to zero i.e.,
0Ij = 0 and 
0
IIj = 0.
Let us focus on the spectra given in Figs. 17 - 19 where
the results are shown for the AAH ladder described in
this subsection. In this type of ladder, the intra-strand
hopping integrals in both the upper and lower strands are
modulated with AAH distributions having the strengths
W and W1, respectively, associated with the phase fac-
tor φλ. The resonant peaks are packed together forming
quasi-band like structures, and they are separated far
away from each other (see Fig. 17(a)). Here also we can
find some energy zones, like other cases, where one of the
resonant curves associated with a particular bias polar-
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FIG. 19: (Color online). Upper and lower panels represent the
similar meaning as described in Fig. 13 with EF = −0.61 eV.
The values of the other physical parameters are same as taken
in Fig. 17.
ity dominates over the other (Figs. 17(b) and (c)), which
demonstrates the possibilities of getting rectification ac-
tion. For this setup the transport currents in positive and
negative biases are quite low and nearly equal in the low
bias region (see Figs. 18(a) and (c)) resulting smaller de-
gree of current rectification. Whereas, reasonably large
degree of rectification is achieved in the limit of higher
voltage (V >∼ 0.25 V) associated with the IT -V char-
acteristics. Setting into this moderate voltage region if
we tune the phase factor φλ, choosing a suitable Fermi
energy, we can see that several phase windows (relatively
small widths) are available where transport current for
one bias polarity dominates over the other, and the dom-
inating nature i.e., which curve dominates the other de-
pends on the phase factor (see Fig. 19(a)). As a result
of this, nice oscillating pattern is generated in RR upon
the variation of φλ (Fig. 19(b)), providing high degree of
rectification.
Appendix B: Combined effect of φβ and φλ on
rectification
The results described above in different configurations
initiate the obvious curiosity that how the results of rec-
tification depend on the two phases if we vary them to-
13
FIG. 20: (Color online). RR as functions of φλ and φβ for
two typical ladders. (a) 0Ij = W cos[2pibj + φβ ] and 
0
IIj =
W1 cos[2pibj + φβ ]; vj = v0 cos[2pibj + φλ]; tIj = tIj = t∀ j,
and (b) 0Ij = W cos[2pibj+φβ ] and 
0
IIj = W1 cos[2pibj+φβ ];
tIj = tIIj = t0 cos[2pibj+φλ]; vj = v ∀ j. For the calculations
we choose (a) W = W1 = 0.5, v0 = 1, t = 1, EF = −0.7 and
(b) W = W1 = 0.4, v0 = 1, t0 = 0.4, EF = 1.5. The other
parameter values are: N = 13 and bias voltage V = 0.4 V.
gether. To unravel it, in Fig. 20 we plot (density plot) the
RRs for two typical AAH ladders as functions of φλ and
φβ . These ladders are quite different than the previously
mentioned cases, as here we consider φλ along with φβ in
the Hamiltonian. The two ladder systems are specified
as follows: in one case (the results of which are shown
in Fig. 20(a)) the upper and lower strands are subjected
to AAH potentials having the strengths W and W1, re-
spectively, with the phase modulation factor φβ . Along
with this, the AAH modulation is also introduced in the
inter-strand hopping integrals with unit strength, associ-
ated with the phase factor φλ, keeping the intra-strand
hopping integrals uniform. For the other ladder system
(results of which are given in Fig. 20(b)), the two strands
together with intra-strand hopping integrals are modu-
lated in the AAH form, keeping the inter-strand hopping
integrals as uniform. The results in both these two cases
are quite interesting as we can see that for a wide range
of the phase factors almost 100% rectification is avail-
able and with changing these phases the sign alteration
also takes place sequentially providing the same degree
of rectification.
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